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Abstract
Interactions of methylmercury (CH HgCl) with non-energized mitochondria from rat liver (non-respiring mitochondria) have been3
investigated in this paper. It has been shown that CH HgCl induces swelling in mitochondria suspended in a sucrose medium. Swelling3
has also been induced by detergent compounds and by phenylarsine, a chemical compound which induces opening of the permeant
transition pore (MTP). Opening of the MTP is inhibited by means of cyclosporine A. Results indicate that the swelling induced by
21CH HgCl, as in the case of phenylarsine, is inhibited by cyclosporine A and Mg , while swelling induced by detergent compounds is not3
cyclosporine sensitive. This comparison suggests that CH HgCl induces opening of a permeability transition pore (MTP). Since the3
opening of an MTP induces cell death, this interaction with MTP could be one of the causes of toxicity of CH HgCl. Ó 2002 Elsevier3
Science Inc. All rights reserved.
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Methylmercury (CH HgCl) has been shown by many • an increase in potassium permeability in the inner3
investigators to have toxic effects on animals, as well as on membrane [14–16],
humans [1–6]. Although these studies have clearly iden- • inhibition of the respiratory chain and collapse of the
tified the central nervous system as the primary target for mitochondrial membrane potential [14–17],
the cytotoxic action of methylmercury, the reason for such • calcium release [16–18], and
selectivity on the part of this compound is presently • cytochrome c release [19].
unknown. Furthermore, the molecular mechanisms under-
lying the cytotoxic effects of methylmercury have not been In this paper we present evidence of an additional effect,
completely clarified. In whole cells, an increase in the since results from our study showed that methylmercury
21
cytosolic Ca concentration, as a consequence of treat- induces the opening of the permeability pore (MTP) in rat
ment with methylmercury, was observed in rat cerebrum liver [20] non-respiring mitochondria. This opening allows
synaptosomes [7], in PC12 cells [8], and in rat T lympho- for the passage of large molecules with molecular masses
cytes [9]. Inhibition of ATP synthesis as a consequence of of |1500 Da [22–25]. The presence and the activity of the
destruction of the transmembrane potential and apoptosis MPT pore is evidenced by means of swelling experiments
in cellular systems have also been reported [10–13]. [22–25]. As the opening of the MTP channel is one of the
Many ‘in vitro’ studies suggest that in the cell, the causes of apoptosis, this could contribute to an explanation
mitochondria are the preferential target for methylmercury of the toxicity and of the previously noted ion leak in
[14–19]. In this regard, the most significant effects are: mitochondria.
The inner membrane of mitochondria cannot be per-
meated by many chemical compounds. In general, swell-
ing, which is the consequence of the passage of solutes
through the inner membrane, can be produced by three
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chain alters the physical state of the phospholipid bilayer; against time) depends on the CH HgCl concentration (not3
(ii) many chemical compounds induce the opening of an shown here) and is inhibited by the presence of cyclosporin
MTP of large size, which allows for the transport of large A. A comparison between the mechanisms in Fig. 1
molecules with large molecular masses of |1500 Da [22– suggests that CH HgCl induces swelling by the per-3
25] (the MTP opening is inhibited by the presence of meability transition pore mechanism because it is inhibited
cyclosporin A); and (iii) the activities of many uniporters by the presence of cyclosporin A. In this regard it should
and antiporters together with the transport of anions such be noted that cyclosporine A is the most efficient and
2
as NO induce swelling in mitochondria [22]. For exam- selective inhibitor of MTP opening [22–25]. Therefore, the3
ple, in an acetate medium, deenergized mitochondria swell cyclosporine A response is the check-in test to demonstrate
1
at a rapid rate if Na is present in the medium. The the presence of the MTP pore.
1 1
swelling is due to the presence of an Na /H exchanger. Other swelling mechanisms such as those indicated in
1 1Analogously, swelling occurs in energized mitochondria in (iii) are excluded, since solutes such as K , Na and
1 2
a K medium only in the presence of the potassium NO , are not present in the medium and none of these3
carrier, valinomycin [22]. Regarding all the mechanisms, mechanisms, which depend on the presence of uni /antipor-
1 1 2the entry of a solute is accompanied by the entry of water ters and ions such as K , Na , NO , are cyclosporin-3
and swelling occurs by means of a colloid osmotic sensitive.
mechanism [26]. Further confirmation of the results arises from experi-
21Fig. 1a shows the swelling induced in mitochondria by ments regarding swelling in the presence of Mg which
sodiumdodecylsulphate (SDS), a detergent compound. inhibits and retards the opening of the MTP [22–25]. In
The swelling is not inhibited by the presence of cyclos- this case the opening of the pore occurs in the presence of
porin A, thus suggesting that it is due to a modification in higher doses of CH HgCl and is inhibited by the cyclos-3
the phospholipid bilayer (mechanism i). Fig. 1b shows the porin (Fig. 2). The swelling induced by CH HgCl has3
swelling induced in mitochondria by phenylarsine (PhA), a already been observed [14] in mitochondria, but the
potent inducer of the opening of the transition pore [27]. experimental conditions and the interpretation of the data
This swelling is inhibited by the presence of cyclosporin A are different from those presented in this manuscript. In
since, in this case, it results from the opening of a Ref. [14], the swelling was observed in a medium con-
cyclosporin A-sensitive transition pore [22–25] (mecha- taining potassium: the interpretation presented was that in
nism ii). Fig. 1c shows the swelling induced in mito-
chondria by the methylmercury chloride CH HgCl. The3
rate of swelling (i.e. the slope of the absorbance change
Fig. 1. Swelling induction in non-energized mitochondria. Composition
of the medium: 0.25 M sucrose, 10 mM Tris–Hepes pH 7.4, 1 mM
rotenone. Mitochondria [20] (0.5 mg/ml; the protein concentration was
monitored using the Lowry procedure [21]) were added to 2.5 ml Fig. 2. Swelling of mitochondria in a medium containing magnesium.
medium. After the addition of the medium and the mitochondria, the Composition of the medium: 0.25 M sucrose, 10 mM Tris–Hepes pH 7.4,
spectrophotometer (Jenway 6400) was adjusted (at 540 nm) at zero 1 mM rotenone and 5 mM MgCl . Mitochondria (0.5 mg/ml) were added2
absorbance before adding the methylmercury. Since the swelling causes a to 2.5 ml medium. Arrows indicate two successive additions of 20 mM
decrease in absorbance, the absorbance change appears as negative value. CH HgCl to the medium containing the mitochondria. Dashed line: the3
The arrows indicate the addition (unbroken line) of the following same experiment in the presence of 1 mM cyclosporin A. The repro-
compounds to the medium containing mitochondria: (a) 2.6 mM so- ducibility of the experiments was verified by means of four different
diumdodecylsulphate (SDS), (b) 10 mM phenylarsine (PhA), (c) 10 mM mitochondrial preparations and the changes in the swelling rate (the rate
CH HgCl (Aldrich). In each case, the dashed line indicates the same of absorbance change against time) were no more than 5%. The3
experiment in the presence of 1 mM cyclosporin A (SIGMA). experiment in this figure and in Fig. 1 is a typical experiment.
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energized mitochondria CH HgCl increases the potassium • the release of cytochrome c.3
permeability and consequently allows for the uptake of
potassium, thus inducing swelling. The potential quenching In this regard, the cytochrome c release occurs when the
of the membrane has been found to be the consequence of mitochondria undergoes swelling [33]. Therefore, this
this potassium uptake. Furthermore the effect produced by effect could be an indirect consequence of the induction of
cyclosporin has not been considered. MTP. The apoptosis and cell death can easily be explained,
In the experiments in Fig. 1c, the swelling induced by since the opening of the cyclosporin A-sensitive pore is
CH HgCl was observed in a potassium free medium in one of the causes of apoptosis.3
non-energized mitochondria. Consequently, the most sig-
nificant evidence to support the opening of the MTP is the
fact that the swelling is inhibited by the presence of 1. Abbreviations
cyclosporin A. In the light of this behaviour, the experi-
ments in Ref. 14 can be explained not as resulting from the Da Dalton
influx of potassium, but rather from the influx of sucrose. Hepes (N-[2-Hydroxyethyl]piperazine-N9-
The opening of the MTP results in the transport of protons [2-ethanesulphonic acid]) (Sigma, Milan)
through the membrane (uncoupling effect) and this could MTP Permeability transition pore
thus explain the collapse of the membrane potential; the PhA Phenylarsine oxide (Aldrich, Milan)
21previously observed Ca release [16–18] is a conse- SDS Sodiumdodecylsulphate (Sigma, Milan)
quence of this phenomenon. Tris 2-Amino-2-(hydroxymethyl)-1,3-propanediol
With regard to mitochondria, many organometallic (Sigma, Milan)
compounds such as alkyl SnCl and alkyl PbCl induce3 3
swelling [28–32]. In Refs. [28,30] the swelling has been
2 2interpreted as resulting from an electroneutral OH /Cl Acknowledgements
exchange: the organometal compound enters the matrix as
alkyl SnCl (or alkyl PbCl) and is extruded as alkyl SnOH We are grateful to Michele Gallo for his technical3 3 3
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